A morphological and acoustic study is presented to examine the role of the vocal tract in playing the trumpet. Preliminary results obtained from one professional player are shown and the effectiveness of the method is demonstrated. Images of the vocal tract with a resolution of 0.5 mm (2 mm in thickness) were recorded with magnetic resonance imaging to observe tongue posture and to estimate the vocal-tract area function during actual trumpet performance. The input impedance was then calculated for the player's air column, including both the supra-and sub-glottal tracts, using an acoustic tube model that also considers wall losses. Finally, a time-domain blowing simulation was performed with a lip vibration model (Adachi and Sato, J.A.S. A. 99, 1200-1209, 1996). In this simulation, the oscillating frequency of the lips was slightly affected by using different shapes of the vocal tract measured for the player. In particular, when the natural frequency of the lips was gradually increased, the transition to higher modes occurred at different frequencies for different vocal-tract shapes. Furthermore, simulation results showed that the minimum blowing pressure required to attain lip oscillation can be reduced by properly adjusting the vocal-tract shape.
INTRODUCTION
The mechanism of sound generation by brass instruments has been mainly investigated with regard to the resonance characteristics of the instrument bore and self-oscillating mechanism of the lips. The resonance frequency of the instrument strongly affects the lip motion and usually determines the blowing pitch. The input impedance was therefore measured by Backus [1] for various instruments. In the case of lip motion, the condition for obtaining self-oscillation was theoretically derived by Fletcher [2] . Yoshikawa [3] measured vibration patterns of horn players and observed the switch between outward-striking and sideways-striking modes in relation to the pitch. The player's vocal tract constitutes an acoustic resonator connected to the instrument. At frequencies near resonances of the instrument bore, the input impedance of the vocal tract is usually smaller in magnitude than the bore impedance. Therefore, the acoustic effect of the vocal tract can to a first approximation be ignored. However, Scavone et al. [4] and Chen et al. [5] noted the influence of the vocal tract in pitch bending of the saxophone and clarinet. In this specific performance, the magnitude of the measured impedance of the vocal tract was comparable to that of the bore resonance. On the basis of these findings, they concluded that the resonance characteristics of the vocal tract can influence, select or control the frequency of reed vibrations. For brass instruments, it is frequently said that skilled players change the shape of the vocal tract to control the pitch, timbre, and articulation [6] , suggesting possible acoustic roles of the vocal tract. Especially in the high register, there is the possibility that the vocal tract can create a resonance strong enough to influence the vibratory motion of the lips, because the peaks in the input impedance of the trumpet becomes small in the high frequency region [1] .
In this paper, results of morphological and acoustic investigations are shown using a professional trumpet player to consider the possible acoustic role of the player's vocal tract. Magnetic resonance imaging (MRI) provides a high-resolution volumetric image of the entire vocal tract while playing. The area function is also estimated from volumetric data and the input impedance is computed using an acoustic model of the lossy vocal tract [7] . Finally, a time-domain numerical simulation is performed using a model of the lips [8] . We examine the influence of the vocal tract on the sound pitch in a systematic manner and show how the control of the vocal-tract shape can be effective in playing a trumpet [9] .
MORPHOLOGICAL OBSERVATION OF THE VOCAL TRACT
A measurement of the vocal tract was conducted using MRI. Sectional images of the vocal tract were scanned non-invasively for a professional trumpet player in three dimensions as the player blew into an instrument for a number of musical pitches. The subject was a Japanese male having a professional career of more than 30 years. Because the MRI system produces a strong magnetic field, an instrument was fabricated using polyvinyl chloride tubes with the help of information about the bore shape of an actual B trumpet (Yamaha YTR-2320E, student model), where the valves were supposed to be open [10] . The mouthpiece was made of acrylic. In addition, the shape of the upper and lower teeth was measured independently, because they were as transparent as air in the standard vocal-tract scanning. The measurement condition was as follows. Each slice of the volumetric data was taken on a sagittal plane. The slice thickness was 2 mm for the vocal tract and 1.5 mm for the teeth. The numbers of slices were 30 for the vocal tract and 51 for the teeth. It required a scanning time of about 30 to 40 s to obtain a set of volumetric data, and the player maintained the configuration of the vocal tract as stably as possible. The resolution of each slice was 512 times 512 pixels covering a scanning area of 256 mm times 256 mm. The measurement and ethical judgment were made by the ATR Brain Activity Imaging Center (Kyoto, Japan). Figure 1 shows the measured midsagittal images of the player's vocal tract corresponding, from left to right, to E 4 , B 4 , and F 5 . The blowing frequency was 311 Hz, 466 Hz, and 698 Hz, respectively. Main speech articulators, such as the tongue, lips, and soft palate, are observed clearly in the images. For the low and mid pitches, the tongue was located slightly back in the tract, making a dominant vocal-tract constriction between the tongue and soft palate. When the pitch was high, the tongue was positioned more anteriorly, and the vocal tract was constricted near the border of the hard and soft palates.
Next, the area function of the vocal tract was estimated using the volumetric images. The volumetric data for the upper and lower teeth were firstly superimposed on the vocal-tract data [11] . Then, the inferior and superior outlines of the vocal tract were traced by sight on the midsagittal plane. The center line of the tract, representing the axis of wave propagation, was determined so that the distances of each node point on the center line from the two outlines were equal. The vocal tract was then divided along the center line into 40 sections of equal length. Finally, the cross sectional area in the direction perpendicular to the center line was obtained for each section.
The obtained area-function data are plotted in Fig. 2 . The figure shows that, as the pitch changed from low to mid-level and from mid-level to high, the cross-sectional area decreased for sections anterior to the vocal-tract constriction made between the tongue and the soft palate. This volume reduction near the gum and the hard palate was the result of the raising of the tongue observed in Fig. 1 . To the contrary, the area of sections posterior to this constriction increased noticeably when the pitch was high. The length of the vocal tract was estimated as 17.4 cm for the low, 16.6 cm for the mid, and 17.0 cm for the high pitches. The larynx rose slightly for the mid pitch, decreasing the vocal-tract length. The area and length of the glottis were estimated as 0.14 cm 2 and 0.12 cm, respectively, from MRI of the larynx. 
IMPEDANCE OF THE PLAYER'S AIR COLUMN

Impedance calculation
Next, the acoustic property of the player's air column is estimated in terms of the input impedance seen from the lips. The input impedance was calculated as follows, where the column is represented as the concatenation of multiple cylinders: Z vt = −P a /U a , where P a and U a are the Fourier transforms of the acoustic pressure and volume velocity. Using a frequency-domain acoustic tube model [7] , the input impedance is expressed as
where the matrix chain is given as
The entire air column including the sub-and supra-glottal tracts is modeled here, since the glottis is constantly open during the blowing. In the matrix chain given in Eq. (2), the first tube section corresponds to the lips and the Nth to the lungs. Components A i , B i , C i , and D i for the ith section are determined by the length, L i , and sectional area, S i , using the model of Sondhi and Schroeter [7] . Z p = ρ c 2 /( jωV ) in Eq. (1) is the terminal impedance modeled as a capacity corresponding to an air volume, V , of 500 ml [12] . The glottis was represented by a uniform tube with an area of 0.14 cm 2 and length of 0.12 cm. For the sub-glottal tract, the morphological data was obtained by Weibel [13] .
The numerical results are shown in Fig. 3 . The magnitude data show that the input impedance has three peaks below 1 kHz. In each pitch condition, the first and third peaks were originated from the resonances of the vocal tract while the second one from that of the sub-glottal tract. The lowest peak has maximum amplitude for the low and mid pitches, and the third one is the maximum for the high pitch. The blowing pitch for the low note agreed well with the largest peak in the impedance, and we see that the frequency of the largest peak for the high note increased significantly. Titze [14] examined the effect of coupling between the voice generation system and the vocal tract, and showed that the sub-glottal tract having a compliant acoustic load is favorable for vocal fold oscillation. The player's air column may have a similar effect on lip motions, but, for this particular player, the phase is obviously positive for the low and high pitches at each blowing frequency. This problem is discussed again below in terms of the total impedance. 
Total impedance including player and instrument
The oscillation condition has been investigated in terms of regeneration theory [15, 16] .
Adachi and Sato stated the constraint as 2p 0 /ρ|G( f )||Z( f )| 1 and ∠G( f ) + ∠Z( f ) = 0 in Eqs.
(12) and (13) of the literature [8] , where p 0 is the aerodynamic pressure supplied by the lungs. G( f ) is the lip mobility representing the response of the lips to the driving pressure. Z( f ) is the input impedance of the trumpet in Adachi and Sato [8] , but in the original study regarding regeneration theory [16] , Z( f ) represents the total impedance including the trumpet and player's air column. Here, the input impedance of a mouthpiece cup and a B trumpet (Yamaha YTR-2320E, student model) with the valves open was estimated by concatenating truncated cones [17] . In Fig. 4 , the impedance for the instrument, Z trp , is shown by the broken line and the total impedance, Z trp + Z vt , by solid line, where Z vt is the player's impedance shown in Fig. 3 .
The total impedance was basically determined by the trumpet itself and unaffected by the player's impedance. The peaks located at 234, 345, 463, 580, 695, 811, and 924 Hz are resonances of the instrument with mode numbers from two to eight, respectively. The blowing frequency of the player in the MRI experiment was 466 Hz for the mid pitch and 698 Hz for the high pitch. The figure shows that these frequencies were consistent with the fourth and sixth resonance frequencies. On the other hand, the blowing frequency for the low pitch (311 Hz) was lower than the third resonance frequency corresponding to F 4 . This discrepancy was possibly due to the incompleteness of the instrument fabricated for the MRI experiment. Only for the high-pitch vocal-tract condition, the peaks of the player's impedance around 800 and 1000 Hz caused a slight increase in the total impedance for the range greater than 750 Hz. From the condition 2p 0 /ρ|G( f )||Z( f )| 1, this increase in magnitude may assist the lip oscillation.
The phase property of the total impedance is also shown in Fig. 4 . The figure shows that the change in phase is more apparent than that in magnitude. Due to the incorporation of the player's impedance, the range of the phase angle changing from positive to negative becomes slightly narrower, implying that the real, resistive component increased relative to the reactance by considering that both components are connected in a series. The effect was dominant between the second and fourth resonances for the low and mid pitches, and under the high-pitch vocal-tract condition, the figure shows that the effect spread to higher resonances. 
INFLUENCE OF THE VOCAL TRACT UPON LIP MOTION
Finally, a total model is presented to investigate the effect of the vocal tract on the vibration of the lips. The model comprises a two-dimensional model of the lips [8] , equations for flow in the vicinity of the lips, and the acoustic characteristics of the instrument (Z trp ) and the player's air column (Z vt ).
Simulation method
The blowing simulation is based on the two-dimensional model of the lips [8] (Fig. 5) . The outward-striking mode is mainly driven by the pressure difference between the mouth and the mouthpiece cup, p vt − p cup , while the sideways-striking mode by the pressure in the lip nozzle, p lip . The model assumes symmetrical motion of both lips, and the equation of motion with respect to the displacement of a mass placed at the center of the lips is given as
where ξ is the displacement measured at point C, m is the mass, k is the stiffness, and Q is the quality value. The restoring force, F restore , and external forces arising from the pressure difference and the Bernoulli force, F Δp and F Bernoulli , are respectively given by Eqs. (2) through (4) of the literature [8] as The volume flow rate, U, that passes through the lip nozzle is given as U = U a + U lip [8] , where U a is the flow component generated by the pressure difference between points upstream and downstream of the lips. U lip is the flow swept by the movement of the lips. If the constant lung pressure, p 0 , is specified, and if the lip displacement, ξ, is solved using the equation of motion, the values of p a , p lip , p cup , and U a are not known. Assuming that the flow is inviscid upstream of the boundary between the lips and the mouthpiece cup (region (a) in Fig. 5 ) and applying the momentum conservation law downstream of this boundary (region (b)), the
Results
The blowing of the trumpet was simulated as follows. Given the blowing pressure p 0 , the values of the physical variables ξ, p a , p lip , p cup , U a , and U lip were initially set to zero. z vt and z trp were obtained from the area function of the player's air column and the instrument bore. The restoring and external forces in Eq. (3) were then calculated, and the equation of the lip motion was solved numerically employing a finite difference method. From the new value of ξ, U lip and S lip were calculated. Next, the values of the aerodynamic and acoustic variables, p a , p lip , p cup , and U a , were determined using the relation given in Eqs. (4) through (7) . Finally, the total volume flow rate, U, was obtained as the sum of U a and U lip . The procedure was repeated for the desired time steps. The values of the model parameters were set in accordance with Table 1 of the original paper [8] . The lip eigenfrequency, f lip , was varied extensively from 220 to 1000 Hz with a step size of 20 Hz. From the relation f lip = k/m/2π, the stiffness, k, was set in proportion to the eigenfrequency (k = 1.5 f lip N/m) and the mass, m, inversely proportional to the eigenfrequency (m = 1.5/{(2π) 2 f lip } kg). In addition, the blowing pressure was set depending on the value of the lip eigenfrequency. p 0 was 3.0 kPa for f lip of 220 Hz. p 0 increased as f lip increased, and it was 16.0 kPa for f lip of 1000 Hz. The sampling frequency was 64 kHz.
To examine how the vocal tract can affect the lip vibration, the condition of the feedback acoustic pressure, p a , was changed as follows. First, as the base condition, p a was constantly set to zero. The effect of the vocal tract was taken into consideration under other conditions. The shape of the vocal tract was given by the area function for the low, mid, or high pitches (Fig. 2) . The input impedance, Z vt , was then calculated (Fig. 3) and the feedback pressure, p a , was estimated using the relation in Eq. (7). The simulation results are shown in Fig. 6 , where the vibration frequency of the lips is plotted as a function of the eigenfrequency.
For the base condition, the vibration frequency has a step-wise pattern for the change in eigenfrequency, but it is not so different from the eigenfrequency and very close to one of the mode frequencies shown by broken, horizontal lines. For the low-pitch condition at the upper right of the figure, the input impedance of the player's air column was set using the low-pitch area function data irrespective of the eigenfrequency. Owing to the incorporation of the vocal-tract load, there is a mode jump at a lower eigenfrequency above the third mode, but the difference from the base condition is very slight. The results were similar under the mid-pitch vocal-tract condition shown at lower left, although there was a pitch jump to the eighth mode at a lower eigenfrequency than under the low-pitch condition. Under the high-pitch condition plotted at lower right, the effect of the vocal tract is more noticeable for the seventh and eighth modes. Note that the blowing frequency under the high-pitch condition was about 700 Hz in the MRI measurement, and the contribution of the vocal tract to the total impedance is apparent for frequencies greater than 700 Hz (Fig. 4) . In particular, the phase response in this frequency range is quite different from that for the lowand mid-pitch conditions. It is noteworthy that the vibration frequency was almost equal to the eigenfrequency when the eigenfrequency was higher than or equal to 940 Hz. Only under the high-pitch vocal-tract condition, the vibration frequency reached the ninth mode at an eigenfrequency of 1000 Hz, although this datum point is not shown in the figure.
CONCLUSION
The MRI study for a professional trumpet player showed that the tongue rose towards the palate going from low to medium to high pitch. The area function of the vocal tract was then estimated and the input impedance of the player's air column was calculated. There were a number of peaks below 1 kHz, but the magnitudes of these peaks were smaller than those of the trumpet bore indicating that the vocal tract has less effect. The total impedance including the instrument and player was also calculated and changes in the phase response were observed according to the vocal-tract shape, especially under the high-pitch condition. Chen et al. [5] mentioned that adjustment of the vocal-tract can affect the magnitude of the total impedance in pitch bending, but less influence was found in our study. In the blowing simulation, the vibration frequency of the lips was not so affected by the change in the vocal-tract shape, but with the vocal tract, the vibrating frequency shifted to a higher mode at a lower eigenfrequency, especially for the seventh and eighth modes of the instrument. This implies that the player can
